Purpose: Chordoma is a radioresistant tumor that presents a therapeutic challenge with spine involvement, as high doses of radiation are needed for local control while limiting dose to the spinal cord. The purpose of this study is to determine the efficacy and safety of single-fraction spine stereotactic body radiation therapy for the treatment of spine chordoma. Methods: A retrospective review of our institutional database from 2006 to 2013 identified 8 patients (12 cases) with chordoma of the spine who were treated with spine stereotactic body radiation therapy. Surgical resection was performed in 7 of the 12 cases. The treatment volume was defined by the bony vertebral level of the tumor along with soft tissue extension appreciated on magnetic resonance imaging fusion. Medical records and imaging were assessed for pain relief and local control. Treatment toxicity was evaluated using Common Terminology Criteria for Adverse Events version 4.0. Results: Median age was 59 years (range, 17-91). Median target volume was 48 cm 3 (1-304), and median prescription dose was 16 Gy (11-16). Median conformality index was 1.44 (1.14-3.21), and homogeneity index was 1.12 (1.05-1.19). With a median follow-up time of 9.7 months (.5-84), local control was achieved in 75% of the cases treated. One patient developed limited grade 2 spinal cord myelopathy that resolved with steroids. There were no other treatment toxicities from spine stereotactic body radiation therapy. Conclusion: Single-fraction spine stereotactic body radiation therapy can be safely delivered to treat chordoma of the spine with the potential to improve pain symptoms. Although the early data are suggestive, long-term follow-up with more patients is necessary to determine the efficacy of spine stereotactic body radiation therapy in the treatment of chordoma of the spine.
Introduction
Chordoma is a slow-growing, locally aggressive bone tumor that arises from embryologic notochord. It is a rare disease, comprising 2% to 4% of bone tumors, with an incidence of less than 300 cases per year in the United States. 1 Because chordoma develops from undifferentiated remnants of notochord, it can present anywhere along the craniospinal axis from the base of the skull (clivus) superiorly to the coccyx inferiorly. Typically, these lesions present most frequently at the base of the skull followed by the sacrococcygeal spine. Approximately 15% of cases present in the mobile spine. 2, 3 Chordomas of the mobile spine have distinct treatment considerations compared with tumors of the clivus and sacrum. A soft tissue component is often present with spine involvement and may invade the paravertebral musculature. Although commonly described as benign, chordoma has malignant potential; nodal metastases and hematogenous dissemination may develop in more than onethird of patients. 4 One of the challenges of treating chordoma is that it tends to recur after treatment, with recurrence rates as high as 60% to 70% at 10-year follow-up after treatment. 5 The recommended treatment for chordoma is surgery followed by adjuvant radiation therapy. Chordoma can be staged according to the TNM system for primary malignant bone tumors, but this has limited prognostic value. Instead, the extent of surgical resection is most prognostic for tumor control. [6] [7] [8] [9] [10] [11] [12] [13] However, obtaining a gross total resection with negative margins can be difficult to achieve based on the anatomic location.
14 In cases where a tumor is unresectable, definitive management with radiation therapy is the standard of care. 4 Since chordoma is radioresistant, high doses of radiation are needed for tumor control. 15 Proximity to the spinal cord or cauda equina limits the dose that can be safely delivered, and proton therapy is often considered because of this.
Advances in technology have allowed radiation oncologists to administer high doses of radiation therapy with precise conformity and steep dose falloff outside the target. The ability to deliver high doses becomes even more important for unresectable tumors. 16 Stereotactic body radiation therapy (SBRT) is a modality available at many radiation oncology facilities that enables physicians to administer high doses of radiation while sparing normal tissues. Spine SBRT (sSBRT) delivered in a single fraction has been shown to provide excellent local control for metastatic spine lesions of radioresistant histology, such as renal cell carcinoma and melanoma. [17] [18] [19] The purpose of this study is to assess the effectiveness and safety of single-fraction sSBRT in the treatment of spine chordoma.
Methods and Materials
A retrospective review of our institutional sSBRT database was conducted to identify patients with chordoma of the spine treated with single-fraction sSBRT. The database includes patients treated with sSBRT at the Cleveland Clinic from 2006 to 2013. All patients were treated on a Novalis Radiosurgery unit. A thermoplastic head mask or a vacuum-form body immobilization device BodyFix (Medical Intelligence; Elekta, Stockholm, Sweden) was used for immobilization during computed tomography (CT) simulation depending on the location of the chordoma. The CT simulation was performed with images acquired at 3-mm interval axial slices. Each patient underwent magnetic resonance imaging (MRI; 1.5-mm slice thickness) that was fused with the CT simulation to help define the tumor and the spinal cord.
The clinical target volume (CTV) was defined by the bony vertebral level of the tumor along with soft tissue extension appreciated on MRI fusion consistent with Radiation Therapy Oncology Group 0631 guidelines ( Figure 1A ). The CTV encompasses the entire vertebral body level(s) involved, including the adjacent pedicles and posterior elements depending on the location of tumor involvement. Surgical hardware was not included in the CTV for postoperative cases. No additional margin was placed around the CTV. The spinal cord was contoured as an organ at risk (OAR) 5 mm superior and inferior to the vertebral body of interest ( Figure 1B ). For lesions below L2 (cauda equina), the spinal canal was contoured with the same margins. A planning organ at risk volume (PRV) expansion was not created for the OAR.
The prescription dose was 16 Gy delivered in 1 fraction to the CTV. Modifications of the prescription dose were due to concerns of spinal cord toxicity. The treatment planning goal was D90 100, a minimum of 90% of the CTV receiving 100% of the prescription dose (Figure 2A ). Treatment planning consisted of step-and-shoot intensity-modulated radiation therapy (IMRT) with coplanar beams. Dose constraints for the spinal cord volume were a maximum dose of 14 Gy and V10 10%. For the cauda equina, which is considered more tolerant to radiation, the maximum dose was 16 Gy with V12 10% ( Figure 2B ). Cone beam CT and ExacTrac (Novalis, Palo Alto, CA) positioning were used for registration and localization prior to the treatment. Conformality index was defined as prescription isodose volume/tumor volume, and homogeneity index was defined as maximum dose/prescription dose.
Posttreatment MRI was assessed using Response Evaluation Criteria in Solid Tumors (RECIST) criteria for local control and disease progression. Local failure was defined as imaging findings that met RECIST criteria for progressive disease, which is 20% increase in the largest diameter of the tumor. Visual analogue scale (VAS) was used for pain assessment. Individual patient records were reviewed to assess for symptomatic pain relief. Pain improvement was defined as a decrease in VAS score by 2 or more points. Treatment toxicity was evaluated using the Common Terminology Criteria for Adverse Events version 4.0.
Results

Patient and Treatment Characteristics
A total of 8 patients with chordoma of the spine were identified with 12 separate sSBRT treatment sites. All patients presented with epidural disease and spine pain. Surgical resection was performed in 7 of the 12 cases. Median age was 59 years (range, 17-91). Median Karnofsky performance status was 70 (range, 40-90). Distribution of tumor locations within the spine is as follows: 4 cervical, 6 lumbar, and 2 sacral spine lesions.
The median prescription dose was 16 Gy (range, 11-16). The median target volume was 48 cm 3 (range, 1-304). The median conformality index was 1.44 (range, 1.14-3.21). The median homogeneity index was 1.12 (range, 1.05-1.19).
Treatment Outcomes
Median follow-up time after treatment with sSBRT was 9.7 months (range, .5-84). Pain improvement was seen in 3 of the 8 patients (Table 1) . Local control was achieved in 9 (75%) of the 12 cases. Figure 3 illustrates an example of local control after sSBRT. One patient developed grade 2 spinal cord myelopathy that resolved with dexamethasone steroid treatment. There were no other treatment toxicities from sSBRT. Treatment data and outcomes are summarized in Table 2 . 
Illustrative Case of a Patient Who Developed Spinal Cord Myelopathy
A 58-year-old man presented with cervical neck pain along with numbness and weakness of the left arm. Magnetic resonance imaging of the cervical spine was performed, which demonstrated spinal cord compression at C3. The patient underwent an anterior corpectomy with C2 to C4 anterior fusion with polyetheretherketone (PEEK) cage. Postoperative MRI demonstrated a residual anterior epidural soft tissue mass that continued to compress the spinal cord. Postoperatively, the patient's neck pain resolved, but he had residual peripheral numbness of his left fingers. The C3 vertebra was treated to a dose of 16 Gy delivered in a single fraction. Intensity-modulated radiation therapy was performed using dynamic Multileaf Collimator (MLC) with 8 coplanar beams utilizing 6-MV photons prescribed to the 100% isodose line. Posttreatment MRI of the cervical spine at 1 month demonstrated resolution of mass effect on the spinal cord. Approximately 2 months after completing sSBRT, the patient began to experience right upper extremity pain and hand weakness. He also complained of difficulty with walking. He underwent an urgent MRI, which demonstrated focal abnormal T2 signal on the right side of the spinal cord dorsally centered at C3 to C4, suggestive of radiation myelopathy (Figure 4) . He was administered high-dose dexamethasone with taper, which improved these symptoms. A 3-month follow-up MRI of the cervical spine showed decrease in the focal T2 signal. At 7-year follow-up after sSBRT, the patient was found to have local tumor recurrence and underwent repeat surgery with tumor removal of the right side of C2 to C4 along with revision of instrumentation.
Discussion
Chordoma of the spine is a therapeutic challenge. Historically, radiation therapy for chordoma with fractionated external beam radiation therapy (EBRT) was associated with high rates of local recurrence. This is evidenced by a retrospective study of patients treated to a median dose of 50 Gy in 25 fractions, with a local control rate of 27% and median survival of 62 months. 20 A major limitation with older techniques utilizing 2-dimensional or 3-dimensional radiation therapy is that a large radiation dose could not be administered due to safety concerns for the brainstem or spinal cord.
With technological improvements in radiation therapy, higher doses can now be safely delivered to the target with greater conformity to decrease the dose to OARs. A number of modalities including proton therapy, SBRT, and heavyparticle irradiation are available. However, there are no randomized clinical trials or studies comparing these modalities for chordoma.
Heavy particle carbon ion therapy has been used in certain disease sites and tumors as a method of delivering high linear energy transfer (LET) radiation which confers a greater relative biologic effectiveness (RBE) than fractionated photon EBRT. A retrospective study from Japan analyzed 38 patients with unresectable sacral chordomas treated with carbon ion therapy. 21 Carbon ion dose ranged from 52.8 to 73.6 GyE in 16 fractions administered over 4 weeks. Median CTV volume was 523 cm 3 . The 5-year local control rate was 89%, with a median follow-up time of 80 months. Two patients developed grade 4 skin toxicity requiring skin grafts. Five-year overall survival was 86%.
Proton therapy is another modality of delivering high doses to tumors that are in proximity to critical structures and is currently being utilized and investigated for many central nervous system diseases. The advantage of this technology lies in the physical properties of proton particles. Protons exhibit a Bragg peak phenomenon, which allows these particles to deposit a large dose at a specific depth, followed by a sharp dose falloff. This enables treatment to high doses while minimizing collateral damage to adjacent structures. A recent retrospective review of 24 patients with spine chordomas treated exclusively with proton therapy or a mixture of proton/photon therapy with proton predominance was conducted. 22 Median tumor volume was 198.3 cm 3 . Median total dose was 77.4 GyE. With a median follow-up of 56 months, local progression-free survival of 90.4% at 3 years and 79.8% at 5 years was achieved. Toxicities included 8 sacral fractures, 1 secondary malignancy, 1 neuropathy causing foot drop, 1 erectile dysfunction, 1 perineal numbness, 2 urinary/fecal incontinence, and 4 grade 2 rectal bleeding toxicities.
Initial results with proton and carbon ion therapy have been promising. Although these treatment modalities may confer some physical and radiobiological advantages over photon therapy, access and cost are significant barriers. There are only 8 operational carbon ion facilities in the world, none of which are in the United States. Currently, there are 20 proton centers in the United States. The costs of proton therapy can be twice the costs of photon therapy, and the costs of carbon ion therapy are even higher. 23 Given the trend for increased focus on health-care costs, alternative strategies aside from particle therapy have been explored. Stereotactic body radiation therapy is a technique using hypofractionated photon therapy to deliver conformal high dose to tumors while minimizing dose to critical structures. High doses delivered in one or few fractions yield radiobiological effects via the acid sphingomyelinase pathway leading to vascular endothelial cell damage and overcome issues of tumor reoxygenation, cell cycle dependency, and radioresistance of tumors. 24 Fractionated sSBRT for chordoma has been reported in the literature. A retrospective study of 30 patients by Eid et al demonstrated that sSBRT offered superior local control compared to fractionated EBRT for chordoma. 25 Tumor progression occurred in all patients treated with fractionated EBRT. Among the patients receiving sSBRT, 38% of the patients developed tumor progression. A study from Georgetown University (Washington, DC) examined the efficacy and safety of CyberKnife radiosurgery in 18 patients. 26 Treatment was delivered in 5 fractions to a median dose of 35 Gy (range, 24-40). Mean tumor volume was 128 cm 3 . The local control rate at 65 months was 59.1%.
Although studies on fractionated sSBRT have been published in the past, there is currently only one other published article in the literature reporting on single-fraction sSBRT for chordoma. 27 With a median follow-up time of 24 months for 24 patients, local control was achieved in 95% of cases treated with single-fraction sSBRT. Long-term side effects from this treatment included 1 patient who developed sciatic neuropathy and 1 with vocal cord paralysis. The higher rate of local control with single-fraction sSBRT compared with fractionated sSBRT in prior studies may also be due to shorter follow-up time with single-fraction sSBRT in this study. Regardless, single-fraction sSBRT may be a more effective treatment than fractionated sSBRT. A recent study comparing single fraction versus multifraction sSBRT for renal cell carcinoma-another radioresistant tumor-demonstrates improved 1-and 2-year actuarial local control with single fraction versus multifraction sSBRT (95% vs 71% at 1 year and 86% vs 55% at 2 years, respectively; P ¼ .009). 28 In this study, single-fraction sSBRT was delivered to a dose of 24 Gy, and multifraction sSBRT was delivered to a dose of 27 Gy in 3 fractions.
Our results yielded a reasonable local control rate of 75%. This falls short of the rate reported by Yamada et al 27 and may be due to the lower dose prescribed in our series. As such, we feel higher doses may be necessary to improve local control for chordoma. This may be achieved using a higher single-fraction dose-such as 24 Gy used in Yamada et al-which we are currently investigating. Our results with single-fraction sSBRT for chordoma, however, are congruous with a previously published report from our institution on the utilization of sSBRT in renal cell carcinoma. In that study, median prescription dose was 15 Gy delivered in 1 fraction with a radiographic progression-free survival of 78.1% at 9 months with similar follow-up as our current study. 18 Other strategies to treat chordoma of the spine include escalating the dose using high-dose, image-guided IMRT. Sahgal et al recently published their series of 42 patients to upward of 76 Gy at 2 Gy per fraction. They achieved a 5-year local control rate of 65%, comparable to proton therapy. 29 Limitations of this study include relatively short follow-up and the acknowledgment that this is a retrospective review with limited patient numbers due to the scarcity of this disease. Given that chordomas are inherently radioresistant, higher doses may improve outcomes. A future comparison of variations in treatment planning dose and technique correlated with clinical outcomes is an area that can be explored. Our institution has subsequently transitioned to volumetric-modulated arc therapy planning with 2 coplanar arcs for faster sSBRT delivery. We are also now implementing multifraction radiosurgery in an attempt to further escalate the dose safely.
Conclusion
Our results confirm that single-fraction sSBRT can safely be used to treat chordoma of the spine. Further long-term followup with more patients is necessary to validate the effectiveness of sSBRT in the management of chordoma. Higher doses may be necessary to achieve control rates similar to proton therapy. Single-fraction versus multifraction radiosurgery will also need to be evaluated, as multifraction radiosurgery may help increase the dose without compromising safety. Regardless, sSBRT can be considered for the management of chordoma of the spine at centers without access to proton therapy or carbon ion therapy.
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